Abstract-Recently, molecular motor gliding assays with actin and myosin from muscle have been realized on semiconductor nanowires coated with Al O . This opens for unique nanotechnological applications and novel fundamental studies of actomyosin motor function. Here, we provide a comparison of myosin-driven actin filament motility on Al O to both nitrocellulose and trimethylchlorosilane derivatized surfaces. We also show that actomyosin motility on the less than 200 nm wide tips of arrays of Al O -coated nanowires can be used to control the number, and density, of myosin-actin attachment points. Results obtained using nanowire arrays with different inter-wire spacing are consistent with the idea that the actin filament sliding velocity is determined both by the total number and the average density of attached myosin heads along the actin filament. Further, the results are consistent with buckling of long myosin-free segments of the filaments as a factor underlying reduced velocity. On the other hand, the findings do not support a mechanistic role in decreasing velocity, of increased nearest neighbor distance between available myosin heads. Our results open up for more advanced studies that may use nanowire-based structures for fundamental investigations of molecular motors, including the possibility to create a nanowire-templated bottom-up assembly of 3D, muscle-like structures.
I. INTRODUCTION

M
USCLE contraction relies on ATP-driven cyclical interactions between myosin II motors and actin filaments. In vitro assays where myosin molecules, or rather their proteolytic motor fragments such as heavy meromyosin (HMM), are adsorbed to surfaces and propel actin filaments in the presence of ATP [1] have given important insights into molecular physiology and pathology [2] - [8] and inspired nanotechnological applications [8] - [18] . In most efforts towards applications using actomyosin, HMM has been adsorbed to chemically and/or topographically defined micro-, to nano-sized tracks [9] , [19] - [23] and the actin filaments have been engineered to carry diverse cargoes [24] - [26] . Previously, no efforts had been made to produce three-dimensional (3D) motility on the nanometer length scale, e.g., between different parallel surface levels, or to enable plane-separated crossings. Such 3D spatial control is of interest for different bio-nanodevices, e.g., in biosensing [13] , [21] and biocomputation [27] , [28] . Recently [29] , we took initial steps in this direction, showing that actomyosin motility is feasible both vertically, along m long Al O -coated nanowires, and horizontally between the 175 nm wide tips of several such nanowires in ordered arrays. Later, we demonstrated truly one-dimensional motility of actin filaments through hollow Al O nanowires, functionalized on their interior surface with HMM [30] .
The realization of actomyosin motility on nanowire scaffolds also opens for novel types of fundamental studies. In the long term, it may be feasible, combining protein components and nanometer-scale engineering, to achieve bottom-up reconstruction of the 3D arrangement of the contractile proteins actin and myosin in the myofilament lattice of muscle ( Fig. 1(A), (B) ).
Thus, the ability to use arrays of nanowires for guiding of actin filaments would be an interesting engineering challenge opening for a range of applications both in fundamental studies of actomyosin and for novel motor driven bio-nano devices. An interesting application of motility between nanowire tips, is studies to elucidate the intriguing finding [31] of a lower saturation sliding speed of long actin filaments at low compared to high myosin head densities on a surface.
Here, we first compare the actomyosin motility quality on Al O to conventional substrates, such as trimethylchlorosilane (TMCS)-derivatized glass/SiO [32] - [34] and nitrocellulose [35] . We then use different nanowire-array geometries to impose geometrical constraints on motility between the tips of Al O -coated nanowires. Particularly, we investigated the use of densely packed and sparse square arrays of nanowires to test hypotheses about the basis for the reduction in actin filament velocity at low myosin head density [31] .
Our results show comparable motility on Al O and conventional substrates but with room for improvement. Then, studies, using square nanowire-arrays with different inter-wire distances provide evidence consistent with views similar to those put forward previously [31] , [36] that the actin filament sliding velocity is determined both by the total number and the density of attached myosin heads independent of the detailed spatial distribution of these heads. Our findings are also consistent with the idea [31] that long myosin-free segments of the filaments reduce velocity by filament buckling. We discuss our results in relation to previous studies using other methods to vary the myosin distribution along actin filaments. Finally, we consider the findings in relation to central phenomena in muscle physiology and the possibility for future developments of nanowire enhanced motility assays.
II. METHOD
A. Nanowire Fabrication
Nanowires were fabricated and coated with oxide as previously described [29] , [37] , [38] . Gallium phosphide (GaP (111)B; Girmet Ltd, Moscow, Russia) substrates were spin coated at 5000 RPM with a polymer layer, either polymethylmetacrylate (PMMA 950A5; Microchem Corporation, Newton, MA, USA) or ZEP (520A5; Zeon Chemicals L.P., Louisville, KY USA) for 60 seconds. The resists were baked on a hot plate at 160 C for 15 min (PMMA) and 180 C for 2 min (ZEP).
Samples were then exposed with electron beam lithography (EBL, Raith 150, Dortmund, Germany) with an accelerating voltage of 20 kV at a single-pixel dose of 0.022 pAs (PMMA) or 0.002-0.01 pAs (ZEP) to produce nanometer-sized openings in the resist [29] . The samples were then submerged in a developer solution to remove the exposed regions. For PMMA, resist development was done in methyl isobutyl ketone and isopropanol (MIBK:IPA; Merck KGaA, Darmstadt, Germany) at a ratio of 1:3 for 1 min, followed by rinsing with IPA for 30 s and blowing dry with nitrogen. For ZEP, resist development samples were placed in o-xylene for 5 min, rinsed in IPA for 30 s and blown dry with nitrogen.
The surface was next coated with approximately 20 nm of thermally evaporated gold using physical vapor deposition (AVAC, Teknikbyn Valla, Linköping, Sweden). Unwanted resist and excess gold was lifted off in a remover solution (Microposit Remover 1165, Rohm and Haas Electronic Materials, Coventry, U.K.) at 60 C on a hotplate, leaving gold seed particles 30-80 nm in diameter, on the GaP surface in EBL-defined patterns ( Fig. 1(C(i) )).
The samples were then subjected to metal organic vapor phase epitaxy [39] , [40] (MOVPE; Aix 200/4, Aixtron, Herzogenrath, Germany) whereby precursor gases, introduced into the growth chamber, accumulate in the gold particles on the sample's surface, causing nanowires to assemble underneath them [41] (Fig. 1(C(ii) )). Initially, the samples were annealed at 470 C for 5 min under a constant flow of a phosphine precursor (PH , molar fraction 1.2 10 ) supplied by H carrier gas at 6 l min . Thereafter, the growth process was initiated when the second precursor, trimethylgallium (TMGa, molar fraction 4.3 10 ), was introduced into the growth chamber, while the substrate is held at a temperature of 470 C. Under these conditions, the growth rate is approximately 1 m min . The lengths of the wires were therefore varied, by changing the growth time (between 1-5 min), depending on the desired length (in the range 1-5 m).
Next, GaP substrates with and without nanowires were covered with 60 or 50-100 nm thick Al O layer, respectively, ( Fig. 1(C(iii) )) using atomic layer deposition (ALD, Savannah 100, Cambridge Nanotech Inc., Cambridge, Massachusetts, USA). During the self-terminating layer-by-layer deposition, alternating 15 ms pulses of water and trimethylaluminum (TMAl) were introduced to the sample chamber, while the substrate was kept at 250 C. The number of cycles of water and TMAl used, (500-1000 cycles) determines the final thickness of the Al O layer (50-100 nm). The final diameter of the nanowires (150-200 nm; average 175 nm) depends on the diameter of the gold particles and the thickness of the Al O layer used for coating. The inter-nanowire distance was either 1000 50 nm or 250 50 nm unless otherwise stated.
B. In Vitro Motility Assay
Actin and HMM were prepared from rabbit skeletal muscle [26] , and flow cells were constructed [29] by connecting two surfaces using double-sided sticky tape as spacers ( Fig. 1(D) ). The bottom surface was a silanized or un-silanized glass cover-slip, whereas the top surface was an Al O -coated GaP-chip with or without nanowires but otherwise treated as described above. In the presence of nanowires, motility could be observed both on the floor between nanowires, vertically along nanowires and on the top of the nanowire array ( Fig. 1(E) ). We consequently define the "top" as in Fig. 1 (E) even though this was physically oriented downward in the motility assay. All motility and wash solutions were based on buffer A containing 1 mM MgCl , 0.1 mM EGTA, 1 mM DTT, and 10 mM MOPS, pH 7.4. The flow cell was incubated according to standard procedures [21] , [26] , [29] , [42] with i) HMM (120 g/ml), ii) BSA, iii) block actin (when required for improved motility), iv) wash buffer (buffer A with 45 mM KCl) with 1 mM MgATP, v) wash buffer, vi) actin filaments fluorescently labeled with Alexa 488® phalloidin, vii) wash buffer, and finally viii) assay solution, i.e., buffer A with 1 mM MgATP, 10 mM DTT, and an ionic strength between 60 and 130 mM (see further [29] ). The experiments were performed at room temperature (22-25 C) unless otherwise stated.
Filaments were observed using a Nikon Eclipse TE300 inverted fluorescent microscope equipped with a Nikon (100x, 1.4 NA) oil immersion objective, FITC (Ex. 465-495, DM 505, and BA 515-555) filter set, and a Hamamatsu EMCCD camera.
C. Image Processing
Sliding filament velocity was calculated using algorithms developed in Matlab [29] . The fraction of motile filaments was calculated by manual counting of stationary and motile filaments (see further [29] ). Image stacks were made in Image J and statistical analyses and representations were made using Graph Pad Prism 6.0.
III. RESULTS AND DISCUSSION
A. Motility on Al O Compared to Traditional Surface Substrates
Recent studies of actomyosin motility on nanowires [29] , [30] used Al O as an HMM-adsorbing substrate instead of trimethylchlorosilane derivatized SiO , previously demonstrated [32] , [34] , [43] to be optimal for motor function. This was largely for practical reasons: 1. Nanowire coating with Al O rather than SiO was standard in the nanofabrication procedure, e.g., for producing hollow nanowires [30] , [38] and 2. pure Al O was found to support satisfactory actomyosin motility [29] . Whereas the motility appeared comparable to that on TMCS-derivatized SiO or glass, the difference in motility quality from these substrates was not analyzed in detail previously.
We therefore first investigated the motility on flat Al O substrates without nanowires. As demonstrated in Fig. 2 , the velocity of smoothly sliding filaments was similar to that on flat TMCS-derivatized and nitrocellulose-coated glass surfaces. This applied both at ionic strengths of 60 and 130 mM ( Fig. 2(A) ), in the latter case with methylcellulose (0.6%) in the assay solution (solution denoted aMC130). It also applied at both 29 C and at 22-25 C (Fig. 2(A)-(B) ; see Fig. 5 (A) for one further surface). In contrast to the sliding velocity, the fraction of motile filaments tended to be lower on Al O than on TMCS. Nevertheless, considering the similarity in velocities, we regard the motility on Al O as satisfactory.
Contact angle measurements on flat surfaces [29] have suggested that the contact angle on non-treated Al O is higher ), but all data obtained in a60 solution at room temperature (22-25 C), using a given HMM preparation and given experimental occasion for TMCS derivatized SiO . In addition to TMCS derivatized SiO surfaces and flat Al O coated surfaces, velocity and fraction of motile filaments are shown for motility on top of dense nanowire arrays (250 nm inter-wire spacing). Number of filaments as basis for the measurements indicated within parentheses. Error bars represent standard error of the mean. Note, that the small difference in fraction of motile filaments between A and B for Al O coated flat surfaces is not statistically significant. The velocity-differences between (A) and (B) are explained by the temperature difference.
(about 90 degrees) than the range 70-80 degrees believed to give optimal motility on silanized silicon-oxide like surfaces. The optimal motility under the latter conditions has been attributed to appropriate surface adsorption of HMM with little head-surface interactions [12] , [32] , [44] . It is demonstrated in Fig. 3 that acetone cleaning reduced the contact angle from about 90 degrees to a range that is optimal for silanized SiO . However, attempts to silanize Al O , following mild cleaning procedures so as to not damage the nanowires, resulted in too low surface contact angle for good motility [32] (see Fig. 3 ). On the other hand, further improved function might be achieved by including acetone treatment in future studies, or alternatively, one may consider switching from Al O to TMCS-derivatized SiO -coated nanowires. However, the following points must then be considered. First, whereas contact angles on flat surfaces may be used to conclude whether a substrate (e.g., Al O with or without acetone cleaning) is appropriate based on its chemical properties it is not self-evident that contact angles measured on flat surfaces directly reflect the surface properties of the nanowire tips. Second, SiO -coating followed by TMCS-derivatization of nanowires for high-quality motility is unlikely to be straightforward, as suggested by our previous experience with different flat SiO -substrates, such as glass cover-slips, Si-SiO wafers and fused silica slides for fluorescence spectroscopy [33] . Thus, further improvements of the assays are likely to require extensive testing of a range of conditions and are therefore outside the scope of the present study. Accordingly, the studies described below were performed with HMM adsorption to Al O coated nanowires without prior acetone cleaning.
Satisfactory motility on Al O is not only limited to flat surfaces but can also be observed inside hollow Al O nanowires [30] , vertically along Al O coated nanowires grown on a surface and between the tips of such wires [29] . It is interesting to note, that, using motility on the tips of nanowires, some degree of guiding can be achieved on top of nanowire arrays (Fig. 4) . However, the guiding is not very good as filaments follow the curved boundary of an array only for a while before detaching.
The focus of the present paper is the nature of the motility on nanowire tips, and what can be concluded about actomyosin physiology, as discussed in the next section.
B. Mechanisms Affecting Velocity at Low Myosin Surface Densities-Study Using Al O Coated Nanowires in Ordered Square Arrays
In addition to motility between nanowire tips in arrays with short ( 250 nm) inter-wire spacing (Fig. 4) , motility was studied on square arrays with inter-nanowire separations of either 250 nm or 1 m. As described in the following, this opens for important fundamental insights into actomyosin interaction mechanisms. A quantitative analysis (Fig. 5(A) ) showed that the fraction of motile filaments on the top of an array was higher than on flat Al O surfaces but that the velocity was reduced with increased inter-wire separation. Interestingly, a similar reduction in velocity was observed by lowering the number of actin-interacting HMM molecules by means of reduced HMM incubation concentration [31] .
In order to account for the relationship between HMM propelled filament sliding velocity and the number of myosin heads that interact with the actin filament, Uyeda et al. [31] used the relationship (see also Fig. 6 ): (1) where is an efficiency factor for force transmission (see further below), is the velocity for infinitely long filaments, is the myosin duty ratio (ratio of force-producing attachment time to ATPase cycle time), is the length of the filament in contact with a myosin coated surface with active head density . Finally, is the width of a band around the filament where myosin heads may reach their attachment sites on actin.
In our analyses, we assumed that the myosin duty ratio is 0.05. That this applies approximately both on TMCS and Al O at the temperatures used, follows from the velocities in the range of 5-10 m/s which gives an average on-time for the myosin heads in strongly attached states of ms, assuming a myosin power-stroke distance of 8 nm [45] . With an ATP cycle time of 32 ms [46] , this gives a duty ratio of . On TMCS-derivatized surfaces, the HMM density after incubation at 120 g/ml has been estimated [33] , [44] , [47] to be about 6000 m . Here we assume an active myosin head density, , of 4 000 m on Al O after incubation with HMM at a concentration of 120 g/ml, based on the following considerations: 1) only one of the two heads in a pair is likely to attach to the same actin filament, 2) 70% of the heads are active on TMCS [44] , [47] , and 3) the sliding speed after HMM incubation with 120 g/ml HMM is similar on flat Al O and TMCS surfaces. We assume a comparable value for the myosin head density on nanowire tips, consistent with comparison between experimental data and theoretical velocity vs. filamentlength plots in Fig. 6 (the latter based on (1)). The theoretical curves predict that the mean velocity would vary with filament length according to the full or dashed line in Fig. 6 , if the active myosin head density on the nanowire tips is 10 000 m or 2500 m , respectively. In the experiments, the mean velocity saturates at filament lengths shorter than expected (dashed line) for the density of 2500 m . This is clear from the velocity distribution among individual data points at these filament lengths as well as from the mean velocity values which are similar to that at saturation (grey symbols in Fig. 6 ). Particularly, for one of the experiments in Fig. 6 , the 95% confidence interval of the mean value, only just reaches the dashed line for myosin head density of 2500 m . These findings are consistent with a myosin head density on the nanowire tips similar to the value of 4000 m for TMCS-derivatized surfaces. For the plots in Fig. 6 we used 30 nm for the band-width d (1), as proposed by Uyeda et al. [31] , on the basis of electron microscopic observations and consistent with the flexibility of surface adsorbed HMM molecules on TMCS [44] . Based on the above assumptions, one predicts that an actin filament, which is longer than the nanowire diameter of approximately 0.175 m, will be within reach of myosin heads per nanowire. With a duty ratio of 0.05, this corresponds to one actin-attached head per nanowire tip, on average, at each given point in time.
In the experiments of Uyeda et al. [31] , where myosin heads were randomly adsorbed to flat surfaces, the velocity at saturating filament length was lower at low than at high myosin head density. This was somewhat unexpected, because at least one myosin head is believed to act on the actin filament all the time under saturating conditions both at low and high myosin density. The result was attributed to poor propagation of force along the actin filament in the case of low myosin density, and was taken into account in the theoretical treatment (1) by introducing the efficiency factor . However, alternative explanations are possible, e.g., that a long distance between the nearest neighbor myosin heads prevents cooperative interactions between closely spaced binding sites on the actin filament [48] , [49] , or that the surface between the myosin heads produces a drag force that resists filament sliding. It is important to consider these possibilities, since the studies at different myosin densities and filament lengths are useful for mechanistic insights into several aspects of actomyosin function [50] , [51] . Moreover, the condition with large distances between myosin heads exists physiologically at low activation levels in muscle cells when only a fraction of the binding sites on actin is available for myosin interaction (cf. [52] ). Motility between nanowire tips allows the total number of myosin heads available for interaction with an actin filament to be reduced without lowering the HMM incubation concentration, i.e., simply by increasing the distance between the wires (Fig. 5(B)-(C) ). Whereas both this approach, and lowered HMM incubation concentration, reduce the average distance between subsequent HMM attachment points along an actin filament (see Table I ), there are two important differences. First, lowering of the HMM density by increased nanowire separation virtually eliminates any drag forces between the actin filament and the underlying surface (or with BSA) that may result at low HMM densities on a flat surface. Second, increased nanowire separation, as opposed to reduced HMM incubation concentration, does not affect the nearest neighbor distance of HMM molecules close to an attached myosin head. Therefore, if myosin head attachment cooperatively increases the probability of attachment of additional heads at neighboring actin sites [48] , this effect would be maintained also at increased inter-nanowire distance. However, the effect would be eliminated by a reduced HMM incubation concentration due to appreciably increased nearest neighbor distance between HMM molecules (Fig. 5(C) ; Table I ).
Clearly, our new approach for reducing the number of HMMactin interactions reduces rather than increases actin-surface interactions and it does not compromise actin-myosin cooperativity. Therefore, if such cooperativity or actin-surface interaction were important in determining the sliding speed, a lower reduction in speed would be expected when reducing the number of available HMM molecules by increased inter-wire distance than when reducing them by lowered HMM incubation concentration. In contrast we found a greater reduction in velocity with the nanowire approach (Table I ). Related to this finding, we could not detect any runs with periods of continuous filament sliding at velocity similar to that on flat surfaces at high HMM density. Whereas such periods if brief, may be difficult to detect with our limited temporal and spatial resolution, the fact that we cannot observe them argues against ideas that myosin head attachment is appreciably enhanced at sites close to already attached heads.
Our findings argue against inhibition of velocity at low myosin head densities due to: 1) surface-actin interactions and 2) lack of cooperative enhancement of myosin head binding at neighboring sites due to myosin induced structural changes in actin filaments. Instead, the results are consistent with ideas put forward previously that the actin filament sliding velocity is reduced by reduced number of attached cross-bridges [31] , [36] . This accounts for the reduction in velocity with reduced filament length at a given surface density of myosin heads.
However, both our study and that of Uyeda et al. [31] suggest that also the average density ( m ) of attached myosin heads along the filament is important. Thus, if only the total number of heads had been important, the velocity on the dense (250 nm inter-wire distance) nanowire array (Figs. 5-6) would have increased towards the velocity on a flat surface when the length of the filament in contact with the nanowires is increased. This is in contrast to our findings (Fig. 6) where velocity reached saturation if less than 1 m of the filament was in contact with the nanowire tip. No increase in average velocity was observed for further increased length. To conclude, our findings are consistent with ideas that both the total number of attached myosin heads and the average density of attached heads along the filament determine velocity. Further, the results are consistent with buckling of long myosin-free segments of the filaments as a possible factor underlying reduced velocity at reduced myosin head density [31] . The idea that buckling is important for reduced velocity is consistent with the expected critical buckling force of actin filaments in the range 0.4-6 pN, on our nanowire arrays (Table I) , considerably less than the maximal force (10 pN [53] ) developed by an actomyosin cross-bridge.
We observed a somewhat larger reduction in velocity for a given increase in the average free filament length (Table I) than Uyeda et al. [31] . Whereas we cannot fully exclude that the difference is within the experimental uncertainty, a remaining real difference may be attributed to differences in experimental conditions in addition to those considered above. First, we used an assay solution without methylcellulose because the effects of methylcellulose on motility between nanowire tips is unpredictable and expected to be very different from the effect of methylcellulose close to a surface, studied in detail by Uyeda et al. [31] . Second, we used room temperature in our experiments with nanowire arrays in order to keep velocities low to facilitate the rather difficult imaging conditions. Whereas we cannot exclude that the presence of methylcellulose in the study of Uyeda et al. [31] may lead to smaller effects on velocity with increased average free filament length it is unlikely that this would be due to effects of methylcellulose on the buckling tendency. First, the viscosity of the medium does not appear in the equation for the critical buckling force. Second, effects that rely on thermal bending motion of HMM propelled actin filaments on a surface were not affected by the presence of methylcellulose [54] .
A mechanistic importance of buckling, may seem confusing in relation to the model of Uyeda et al. [31] (see further [55] , [56] ). At saturating motor number along the filament, the model thus assumes that there is always at least one myosin head attached to the actin filament and the filament therefore moves at maximum speed past each nanowire. If this is the case, there would be no buckling, regardless of the spacing between the nanowire tips. Yet Uyeda et al. [31] introduced the efficiency factor to take into account effects of possible buckling. This can be understood as follows. First, the Uyeda et al. [31] model only considers average actomyosin cross-bridge properties and second, it does not take into account that cross-bridges may execute forces that either promote or resist muscle shortening (filament sliding). In contrast, most models of muscle contraction (e.g., [57] , [58] ) predict that the maximum velocity of shortening is attained when forces due to cross-bridges that promote and resist shortening outbalance [56] . In the present case, such models would instead predict stochastic variation in number of actin-attached heads 1 as well as force per attached head [59] . Therefore, the force developed on the actin filament varies stochastically with time at each nanowire and is rarely the same on neighboring wires. Under these conditions, buckling would occur if the compressive forces between the actin-attached heads on neighboring wires are greater than the critical buckling force.
The present results are of physiological interest because the large distance between attached heads along the actin filaments is likely to correspond to the situation in the filament lattice of the muscle sarcomere at low level of calcium-activation, e.g., in heart muscle [52] , when only few actin sites are available for actomyosin cross-bridge formation. In this connection it is of great interest to note striking conceptual similarities between our approach to reduce myosin head density and previous studies [36] of the effects of calcium activation using flat motility assay surfaces. Thus, prevention of actin activation at some regulatory units along the thin filament, as in the study of Liang et al. [36] , increases the average length of filament regions that are inaccessible to myosin binding. This is analogous to the inter-wire distances in our study where no myosin head binding is possible. In further analogy to our work, the accessible nearest neighbor distance is not altered in the study of Liang et al. [36] . This is due to 10-12 neighboring actin monomers in a regulatory unit [60] that are all exposed upon binding of Ca to this regulatory unit.
The filament lattice in muscle has similarities to the present system without direct surface interactions. However, in reality the situation is more complex in muscle with a very narrow lattice ( Fig. 1(A) ), additional thick-thin filament cross-links (e.g., myosin binding protein C [61] ); and a range of physical-chemical interaction forces between the actin-containing thin and myosin-containing thick filaments [62] . Nevertheless, interestingly, Liang et al. [36] found a correspondence between their results from studies of calcium-activation (see above) in muscle fibers and in vitro motility assays. One interpretation of this finding in the context of our results is that there may be buckling of the thin filaments also in the ordered filament lattice of muscle at low levels of activation or in other conditions with low number of attached cross-bridges. If this hypothesis can be corroborated it would have important implications for the mechanisms of regulation and force transmission as well as for the use of stiffness measurements to estimate the number of attached cross-bridges (cf. [63] ).
It is of great relevance that the minimal dimensions of the currently produced nanowire arrays achieve wall-to-wall spacings of less than 100 nm (e.g., Fig. 1(B) ). Thus, together with the presently described good actomyosin motility quality, this opens for interesting future developments for studies of actomyosin in more complex arrangements. Particularly, it may be feasible to use nanowires as 3D scaffolds for reproducing key aspects of the three-dimensional order of the muscle sarcomere system in the near future. 
